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Key Points: 7 
 The zeta potential decreases with increasing temperature at low salinity but is 8 
independent of temperature at high salinity 9 
 At low salinity, the equilibrium calcium concentration increases with temperature but 10 
is independent of temperature at high salinity 11 
 The temperature dependence of the zeta potential is explained by the temperature 12 
dependence of the equilibrium calcium concentration  13 
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Abstract 14 
The zeta potential is a measure of the electrical charge on mineral surfaces and is an 15 
important control on subsurface geophysical monitoring, adsorption of polar species in 16 
aquifers, and rock wettability. We report the first measurements of zeta potential in intact, 17 
water-saturated, natural carbonate samples at temperatures up to 120oC. The zeta potential is 18 
negative and decreases in magnitude with increasing temperature at low ionic strength (0.01 19 
M NaCl, comparable to potable water) but is independent of temperature at high ionic 20 
strength (0.5 M NaCl, comparable to seawater). The equilibrium calcium concentration 21 
resulting from carbonate dissolution also increases with increasing temperature at low ionic 22 
strength, but is independent of temperature at high ionic strength. The temperature 23 
dependence of the zeta potential is correlated with the temperature dependence of the 24 
equilibrium calcium concentration and shows a Nernstian linear relationship. Our findings are 25 
applicable to many subsurface carbonate rocks at elevated temperature. 26 
1 Introduction 27 
The zeta potential is a measure of the electrical charge on a mineral surface. The value 28 
of the zeta potential controls the magnitude and polarity of the streaming potential, a 29 
component of the self-potential (SP) that arises in response to pressure gradients across water 30 
saturated rocks [e.g., Jouniaux and Pozzi, 1995; Schoemaker et al., 2012; Luong and Sprik, 31 
2013; Jackson, 2015]. SP measurements are widely used in geophysical monitoring of fluid 32 
flow in aquifers, hydrocarbon reservoirs and geothermal fields [e.g. Corwin and Hoover, 33 
1979; Morgan et al., 1989; Wurmstich and Morgan, 1994; Revil and Pezard, 1998; Darnet et 34 
al., 2003; Darnet et al., 2004; Jardani et al., 2008; Suski et al., 2008; Bolève et al., 2009] and 35 
the zeta potential is an important material property used when interpreting these data (see 36 
Jackson [2015] for an overview). The zeta potential also controls the magnitude and polarity 37 
of the seismo-electric response [e.g. Pride, 1994; Schoemaker et al., 2012; Grobbe et al., 38 
2014; Grobbe and Slob, 2016]. Rock wettability is strongly controlled by the zeta potential 39 
[e.g. Buckley et al., 1989; Strand et al., 2006; Hiorth et al., 2010; Jackson et al., 2012] and 40 
subsurface engineering processes, such as modifying the composition of injection brine 41 
during waterflooding of hydrocarbon reservoirs, are affected by its value [e.g. Strand et al., 42 
2006; Zhang et al., 2007; Yousef et al., 2011; Mahani et al., 2016]. Adsorption and exchange 43 
of polar species on the mineral surfaces in aquifers is also influenced by the zeta potential 44 
[e.g. Appelo, 1994]. Consequently, knowledge of the zeta potential at conditions relevant to 45 
natural subsurface systems has broad application.  46 
In many subsurface settings, including hydrocarbon reservoirs [e.g., Gulamali et al., 47 
2011; Saunders et al., 2012], deep saline aquifers [e.g., Guichet et al., 2006] and 48 
hydrothermal systems [e.g., Revil and Pezard, 1998; Suski et al., 2008], there are carbonate 49 
rocks at elevated temperature (typically > 60oC), yet the temperature dependence of the zeta 50 
potential in carbonates remains poorly understood [Glover, 2015]. No measurements above 51 
laboratory temperature are available in the literature. The aim of this paper is to determine the 52 
temperature-dependence of the zeta potential in natural carbonates for the first time over the 53 
range 22–120°C. We investigate three different natural limestone samples (Table S1 in the 54 
supporting information) saturated with two different electrolytes. One electrolyte contains 55 
0.01 M (1 M = 1 mol dm-3) NaCl (total ionic strength comparable to potable water); the 56 
second contains 0.5 M NaCl (total ionic strength comparable to seawater). Both electrolytes 57 
contain Ca2+ and other ions, such as Mg2+ and SO42-. These are not added to the electrolyte as 58 
salts. Rather, they are present as a consequence of dissolution and exchange with the 59 
carbonate minerals during equilibration of the electrolyte-rock system at the temperature of 60 
interest, prior to measuring the zeta potential. 61 
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2 Materials and Methods 62 
We measured the zeta potential of the intact limestone samples using the streaming 63 
potential method (SPM) at elevated temperature recently developed by Vinogradov and 64 
Jackson [2015] and applied by them to intact sandstone samples. Their experimental set-up 65 
was modified from that described by Jaafar et al. [2009] and Vinogradov et al. [2010] to 66 
allow measurements at elevated temperature (see Figure S1 in the supporting information). 67 
As the SPM has been described previously, we provide only a short overview here.  68 
The sample was confined in a PEEK core holder and placed in an oven along with the 69 
reservoirs (columns) that supply electrolyte to the sample, and the electrodes used to measure 70 
the electrical potential across the sample. The oven had temperature controlled to ±0.5oC. The 71 
pump used to flow the electrolyte through the sample remained outside of the oven and 72 
Multipar oil was used as a hydraulic fluid to force electrolyte from one reservoir, through the 73 
sample, and into the other reservoir, via flowlines that pass through the wall of the oven from 74 
the reservoirs to the pump. A backpressure was applied to the fluids in the reservoirs of 75 
approximately 50 kPa above the temperature-dependent water boiling pressure. 76 
For temperatures in the range 22–80°C, the electrolyte pH, electrical conductivity, and 77 
concentrations of key ions, were measured using samples obtained inside the oven; 78 
measurements at higher temperature were not possible. However, the zeta potential and the 79 
electrical conductivity of the saturated rock sample were measured over the entire 80 
temperature range investigated. 81 
The streaming potential was measured using the ‘paired-stabilization’ (PS) method of 82 
Vinogradov and Jackson [2011]. In this method, the pump is used to flow the electrolyte 83 
through the sample at constant rate until stable pressure and voltage are recorded across the 84 
sample (e.g., Figure 1a). Stable pressure and voltage indicate that a steady-state has been 85 
reached at which the streaming current induced by the flow is balanced by a conduction 86 
current so the total current in the sample is zero across any cross-section perpendicular to the 87 
induced pressure gradient. The streaming potential can only be interpreted to yield the zeta 88 
potential once this steady-state is reached. The flow direction is then reversed at the same 89 
rate. The voltage change is checked to have the same magnitude but opposite polarity in 90 
response to flow in each direction, confirming that electrode polarization effects are small 91 
[e.g., Ball and Fuerstenau, 1973] and that the measured electrical potential corresponds to the 92 
streaming potential. These PS experiments are repeated at 3 or 4 different flow rates and the 93 
stabilized voltage for each experiment plotted as a function of the stabilized pressure 94 
difference [e.g., Jouniaux and Pozzi, 1995; Lorne et al., 1999; Schoemaker et al., 2012; 95 
Luong and Sprik, 2013] (see Figure 1b). The gradient of a linear regression through these 96 
data yields the streaming potential coupling coefficient (Csp), which is related to the zeta 97 
potential () via a modified version of the Helmholtz-Smoluchowski equation that accounts 98 
for surface electrical conductivity [e.g., Fairbrother and Mastin, 1924; Jouniaux and Pozzi, 99 
1995; Revil et al., 1999; Glover, 2015]. 100 
ܥ௦௣ ൌ 	 ∆௏∆௉ ൌ
	఍ఌ
ఓೢఙೝி       (1) 101 
Here w is the dynamic viscosity of the electrolyte,  is the permittivity of the 102 
electrolyte, r is the conductivity of the sample saturated with the electrolyte at experimental 103 
conditions, and F is the intrinsic formation factor of the sample. Similar to Vinogradov and 104 
Jackson [2015], we obtained  and  as a function of temperature and ionic strength using the 105 
approach of Saunders et al. [2012] (see his Appendix A), and the electrical conductivity of 106 
the saturated sample r was measured before and after each streaming potential measurement 107 
using the approach reported in Vinogradov et al. [2010] (Figure 1c). The intrinsic formation 108 
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factor F at 22ºC along with other key data for the Portland , Estaillades and Ketton samples 109 
investigated was available from previous studies (Alroudhan et al. [2016]; Al Mahrouqi et al. 110 
[2016]; see Table S1 in the supporting information). All three samples are pure limestone and 111 
appear compositionally similar in X-Ray Diffraction (XRD) measurements. 112 
The main difference in our approach compared to Vinogradov and Jackson [2015] 113 
was in the preparation of the samples and electrolytes prior to the measurement of zeta 114 
potential. The limestone samples were cleaned following the procedure outlined in Alroudhan 115 
et al. [2016]. Each sample was flooded with at least 2 pore-volumes (PV) of deionised water 116 
prior to cleaning with methanol in a Soxhlet apparatus for 48 hours and then dried for at least 117 
12 hours in a vacuum oven at 80oC. It was then allowed to cool at room temperature for a 118 
minimum of 6 hours, and flooded with a further 4 PV of 0.05M NaCl electrolyte that had 119 
been equilibrated with the carbonate samples (see below). This enhanced cleaning protocol 120 
ensures that divalent ions have been flushed from the mineral surfaces.  121 
Carbonate minerals are soluble in aqueous solutions, with calcite having a solubility 122 
product Ksp = 10-8.48 M [Plummer and Busenberg, 1982]. Equilibrium between carbonate 123 
minerals in contact with aqueous electrolyte is defined by the pH, the concentration of the 124 
soluble ionic species and, in open system conditions, the partial pressure of CO2 (pCO2) in 125 
solution [Somasundaran et al., 1985; Somasundaran, 2006]. The equilibrium pH of water in 126 
contact with calcite in the presence of CO2 is 8.2-8.4 [Garrels and Christ, 1965; Stumm and 127 
Morgan, 1996]. Any factor, such as organic activity, CO2 partial pressure, or temperature that 128 
modifies the equilibrium will result in precipitation or dissolution of calcite.  129 
The appropriate equilibrium conditions for a natural carbonate/water/CO2 system 130 
were replicated here following the approach described in Alroudhan et al. [2016]. In this 131 
approach, NaCl electrolytes were prepared and then placed in a closed beaker at room 132 
temperature with offcuts of the tested carbonate, maintaining an air layer in the beaker to 133 
provide a source of atmospheric CO2, for 4-8 weeks with regular testing to determine whether 134 
equilibrium has been achieved. This mimics the open system conditions under which most 135 
carbonate rocks are initially formed [Morse, 1986; Morse and Mackenzie, 1990; Stumm and 136 
Morgan, 1996]. Previous studies of these samples have shown that equilibrium is reached at a 137 
measured pH of 8.2±0.2 [Al Mahrouqi et al., 2016; Alroudhan et al., 2016], consistent with 138 
previous measured and calculated values [Garrels and Christ, 1965]. These electrolytes, 139 
equilibrated initially at open system conditions and room temperature, were used to saturate 140 
the limestone samples.  141 
The samples were then loaded into the SPM apparatus described above. This is closed 142 
to the atmosphere and mimics the closed-system conditions pertaining to a rock-brine system 143 
at depth. The temperature was then raised to the desired value and equilibrium of the 144 
rock/water system at this temperature and closed conditions was established by pumping the 145 
electrolyte through the sample from one reservoir to the other and back again. At regular 146 
intervals, the electrical conductivity and pH of the electrolyte in the reservoirs was measured, 147 
and equilibrium was assumed to have been reached when the conductivity and pH of the 148 
electrolyte in each reservoir differed by <5%. 149 
Electrolyte pH was measured using a Five-Go Mettler-Toledo pH meter with their 3-150 
in-1 pH electrode LE438, implementing where necessary the manufacturer’s recommended 151 
calibration and correction procedures at high ionic strength. The concentration of Ca2+, Mg2+ 152 
and SO42- was measured, for temperatures in the range 22–80°C, using a Metrohm 930 Ion 153 
Chromatographer (IC). Electrolyte samples were diluted to obtain concentrations between 2 154 
and 200pmm, and the instrumental error was assessed by running certified standard solutions 155 
contain Ca2+, Mg2+ and SO42-. Repeatability was determined by conducting 5 repeat 156 
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measurements on all the samples whose standard deviation is represented by the error bars. 157 
The errors were found to be small: 3.5% for Ca2+ and Mg2+ and 0.5% for SO42-. 158 
3 Results 159 
Typical raw results of the PS experiments are shown in Figure 1a,b. The uncertainty 160 
in the streaming potential coupling coefficient arising from the range of linear regressions 161 
that can be forced through the stabilized voltage and pressure data was used to determine the 162 
associated experimental error in the reported zeta potentials. Figures 1c and 1d show the 163 
measured sample electrical conductivity and electrolyte pH for all experiments over the range 164 
of temperatures investigated. The sample conductivity increases with temperature almost 165 
linearly (Figure 1c), and the conductivity also increases with the electrolyte ionic strength; 166 
the higher the electrolyte concentration the higher the conductivity. Electrolyte pH is constant 167 
within experimental error in all investigated samples and electrolytes (Figure 1d). Figures 1e 168 
and 1f show the temperature-dependent change in streaming potential coupling coefficient for 169 
the 0.01 M and 0.5 M electrolytes respectively. The streaming potential coupling coefficient 170 
is negative for all samples, and decreases in magnitude with increasing temperature at low 171 
ionic strength (Figure 1e) but is constant within experimental error at high ionic strength 172 
(Figure 1f). 173 
Figure 2 shows the temperature dependence of the zeta potential and calcium 174 
concentration (expressed as pCa, where p denotes the negative logarithm; higher pCa 175 
corresponds to lower Ca2+ concentration and vice versa) for the 0.01 M (Figures 2a, b) and 176 
0.5 M (Figures 2c, d) electrolytes. Plotting calcium concentration in this way is analogous to 177 
plotting the proton concentration as pH, although we do not account for the non-ideal nature 178 
of the electrolyte (i.e. we plot the negative logarithm of calcium concentration rather than 179 
activity). 180 
At low ionic strength, zeta potential and calcium concentration both increase with 181 
increasing temperature (Figures 2a, b). A linear regression provides a good fit to the 182 
temperature dependence of the zeta potential for the Estaillades and Portland samples with a 183 
common gradient of 0.04 mV/ºC (adjusted R2 = 0.897 for Estaillades; adjusted R2 = 0.974 for 184 
Portland) but a power law regression of the form a = bTc is required to obtain a similar 185 
quality of fit to the data from the Ketton sample (adjusted R2 = 0.958) with b = -41.46 mV 186 
and c = -0.409. A linear regression also provides a good fit to the temperature dependence of 187 
pCa for the Estaillades and Portland samples with a common gradient of -0.0024 decade/oC 188 
(adjusted R2 = 0.977 for Estaillades; adjusted R2 = 0.896 for Portland), but again a power law 189 
regression is required to obtain a similar quality of fit to the data from the Ketton sample 190 
(adjusted R2 = 0.844) with b = 3.23 and c = -0.067. The absolute magnitude of the zeta 191 
potential and calcium concentration (expressed as pCa) for each sample consistently follows 192 
the order Portland > Estaillades > Ketton. 193 
At high ionic strength, both zeta potential and calcium concentration are independent 194 
of temperature within experimental error (Figures 2c, d). The absolute magnitude of the zeta 195 
potential for each sample consistently follows the order Portland > Ketton > Estaillades 196 
(Figure 2c). However, the calcium concentration (expressed as pCa) follows the order 197 
Portland > Estaillades > Ketton (Figure 2d). Dissolution of the sample during equilibrium of 198 
the rock/electrolyte system therefore yielded a non-zero concentration of Ca2+ in the 199 
electrolyte that was temperature dependent at low ionic strength, but constant for a given 200 
sample at high ionic strength. The equilibration process also yielded non-zero concentrations 201 
of Mg2+ and SO42-which were independent of temperature irrespective of ionic strength, but 202 
varied between samples (Figure 2e, f). The difference in equilibrium pMg between the three 203 
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samples is small and follows the trend in pCa, so pMg is lower in the Ketton sample and 204 
higher in the Portland sample; see Figure 2e). The equilibrium pSO4 is always lower in the 205 
Ketton sample (Figure 2f), consistent with previous results obtained at room temperature by 206 
Al Mahrouqi et al. [2016]. We discuss the significance of these ions in solution in terms of 207 
their impact on zeta potential in the next section. 208 
4 Discussion 209 
We observe a clear and consistent temperature dependence of the zeta potential in 210 
natural carbonates which is the same across the three different limestone samples investigated 211 
here but depends on the ionic strength of the electrolyte. At the lower ionic strength tested 212 
(0.01 M NaCl), the zeta potential decreases in magnitude with increasing temperature, while 213 
at the higher ionic strength tested (0.5 M NaCl), the zeta potential remains constant within 214 
experimental error. This behaviour is similar to that observed in natural sandstones by 215 
Vinogradov and Jackson [2015]; they also found that the zeta potential decreased in 216 
magnitude with increasing temperature at lower ionic strength (0.01 M NaCl, consistent with 217 
that investigated here) but remained constant at higher ionic strength (0.5 M NaCl, as in this 218 
study). However, they found that the zeta potential at a given temperature was the same 219 
within experimental error across the three sandstone samples investigated. Moreover, they 220 
also found that the electrolyte pH decreased in magnitude with increasing temperature at low 221 
ionic strength. but remained constant at high ionic strength. Here we find the value of zeta 222 
potential is different for each limestone sample. Moreover, the pH remained constant within 223 
experimental error, irrespective of temperature or ionic strength. 224 
The negative values of zeta potential obtained here for all three carbonate samples 225 
investigated are consistent with previously reported values on natural carbonates and calcites 226 
at the equilibrium pH = 8.2 (e.g., Berlin and Khabakov [1961]). However, there are no 227 
published data on the temperature dependence of the zeta potential on calcite or natural 228 
carbonates against which the results obtained here can be compared. All previously published 229 
data were obtained at laboratory temperature [e.g., Foxall et al., 1979; Thompson and 230 
Pownall, 1989; Pierre et al., 1990; Huang et al., 1991; Cicerone et al., 1992; Chen et al., 231 
2014; Alroudhan et al., 2016]. These studies have shown that, unlike metal oxides such as 232 
silica [e.g., Glover et al., 2012], the proton is not the key potential determining ion (PDI; 233 
being those ions whose concentration in aqueous solution controls the polarity and density of 234 
electrical charge on the mineral surface) for the calcite surface. While pH does control the 235 
protonation and deprotonation reactions that occur at the calcite mineral surface, the variation 236 
in surface charge over the pH range 5.5-11 is small (e.g., Heberling et al. [2011]).  237 
The zeta potential is instead controlled by the concentration-dependent adsorption of 238 
the lattice ions Ca2+ and Mg2+ on the mineral surface. Many authors have concluded that Ca2+ 239 
and Mg2+ are the principle PDIs [e.g., Somasundaran and Agar, 1967; Foxall et al., 1979; 240 
Pierre et al., 1990; Huang et al., 1991; Cicerone et al., 1992; Stipp, 1999; Moulin and 241 
Roques, 2003; Wolthers et al., 2008; Heberling et al., 2011; Alroudhan et al., 2016]. The 242 
consistent observation in these studies is that decreasing pCa and/or pMg yield more positive 243 
zeta potential, consistent with increased adsorption of Ca2+ and/or Mg2+ onto the calcite 244 
surface. The SO42- ion has also been suggested as a PDI for calcite [e.g., Smallwood, 1977; 245 
Strand et al., 2006]. The zeta potential of the natural limestone samples investigated here is 246 
therefore controlled by pCa, pMg and pSO4; i.e. the concentration of Ca2+, Mg2+ and SO42-. 247 
The equilibrium pMg and pSO4 observed in our experiments was constant for a given 248 
sample and electrolyte irrespective of temperature (Figures 2e, f). At the higher ionic strength 249 
tested, the equilibrium pCa was also constant for a given sample and electrolyte irrespective 250 
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of temperature (Figure 2d). However, at the lower ionic strength tested, the equilibrium pCa 251 
decreased with increasing temperature (i.e. the concentration of Ca2+ increased; Figure 2b). 252 
Moreover, at the lower ionic strength, a clear correlation between zeta potential and pCa was 253 
obtained for a given sample, yielding a linear (Nernstian) regression with a gradient of -15 254 
mV/decade for the Portland and Estaillades samples (adjusted R2>0.91) and -20 mV/decade 255 
for the Ketton sample (adjusted R2=0.90) (Figure 3a). Previous studies on the same carbonate 256 
samples investigated here [Al Mahrouqi et al., 2016; Alroudhan et al., 2016] and on calcite 257 
samples in NaCl/KCl electrolytes at low ionic strength (< 2x10-2 M) have also observed a 258 
Nernstian relationship between zeta potential and pCa with similar gradient but at fixed 259 
(laboratory) temperature [Foxall et al., 1979; Thompson and Pownall, 1989; Cicerone et al., 260 
1992]; see Figure S2 in the supporting information. At the higher ionic strength, the data 261 
clustered at one value of pCa and zeta potential for each sample (Figure 3a). 262 
The temperature dependence of the zeta potential in sandstones observed by 263 
Vinogradov and Jackson [2015] was explained by them in terms of the temperature 264 
dependence of the electrolyte pH (i.e. the concentration of the proton, the PDI for the silica 265 
surface). Here, we find that the temperature dependence of the zeta potential for a given 266 
carbonate sample can be explained by the temperature dependence of the electrolyte pCa (i.e. 267 
the concentration of the calcium ion, a PDI for the calcite surface). At the lower ionic 268 
strength investigated, both the zeta potential and pCa decrease (i.e. the concentration of Ca2+ 269 
increases) with increasing temperature (Figures 2a,b) and the change in zeta potential reflects 270 
a Nernstian response to the change in pCa (Figure 3a). At the higher ionic strength 271 
investigated, both the zeta potential and pCa remain constant irrespective of temperature 272 
(Figures 2c,d) but the constant zeta potential nonetheless reflects a Nernstian response to the 273 
change in pCa (Figure 3a). 274 
The relationship between zeta potential and equilibrium pCa explains the temperature 275 
dependence of the zeta potential for a given limestone sample, but does not explain the 276 
difference in zeta potential observed at a given pCa/temperature between the three 277 
investigated limestone samples. For example, the Ketton sample recorded a larger negative 278 
zeta potential than the Estaillades sample at high ionic strength, even though the calcium 279 
concentration was higher (i.e. pCa was lower; see Figure 3a). The difference in zeta 280 
potentials can be accounted for by also including the variations in equilibrium pMg and pSO4 281 
observed across the different samples (Figure 2e, f). The difference in the zeta potential 282 
response of the three samples tested can be accounted for by plotting the zeta potential 283 
against the total concentration of PDIs (expressed as p(Ca+Mg-SO4)). We choose to plot 284 
concentration in this way as the lattice ions Ca2+ and Mg2+ have an identical impact on zeta 285 
potential within experimental error, while the SO42- ion acts to reduce the effect of pCa; see 286 
Alroudhan et al. [2016] and Al Mahrouqi et al. [2016]. Plotted in this way, the zeta potential 287 
varies linearly with PDI concentration irrespective of sample type, temperature and ionic 288 
strength, with an identical gradient of -8 mV/decade (adjusted R2>0.93) (Figure 3b). 289 
A simple but plausible mechanism to account for the observed temperature 290 
dependence of pCa and zeta potential is variable carbonate dissolution during the 291 
equilibration process caused by temperature-dependent changes in pH. At low ionic strength, 292 
the pH has been observed to decrease with temperature in unbuffered NaCl electrolytes [e.g., 293 
Millero et al., 2009; Vinogradov and Jackson, 2015]; however, the pH in our closed-system 294 
experiments is buffered at the equilibrium value as a consequence of carbonate dissolution 295 
leading to a decrease in pCa (Figure 2b). At high ionic strength, Vinogradov and Jackson 296 
[2015] observed no change in pH with temperature. Hence, we expect no mineral dissolution 297 
and so no change in pCa (Figure 2d). 298 
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The relationships between zeta potential, temperature and pCa reported in this study 299 
are important for many subsurface applications. For example, carbonate hydrothermal fields 300 
and many deep carbonate hydrocarbon reservoirs or potential CO2 storage sites are at 301 
temperatures >60°C and, as discussed in the introduction, the zeta potential is an important 302 
parameter impacting geophysical monitoring of flow in these reservoirs, as well as 303 
interactions between the mineral surfaces and adjacent fluids. We show here that the 304 
temperature-dependence of the zeta potential is specific to a given carbonate and depends on 305 
the electrolyte ionic strength and the concentration of the PDIs Ca2+, Mg2+ and SO42-. In 306 
carbonate reservoirs saturated with brines of low ionic strength, the zeta potential of the 307 
mineral surfaces at depth, where temperatures are elevated, will be smaller in magnitude than 308 
values measured on reservoir samples in experiments at laboratory conditions. Moreover, 309 
measurements of equilibrium electrolyte composition, especially the concentration of Ca2+, 310 
Mg2+ and SO42-, are essential to predict correctly the zeta potential at depth. However, in 311 
carbonate reservoirs saturated with brines of high ionic strength, the zeta potential will be 312 
independent of temperature and, for a given carbonate type, zeta potential measurements on 313 
samples at laboratory conditions may be directly applied to the reservoir at depth. 314 
5 Conclusions 315 
We find that the temperature dependence of the zeta potential in natural carbonates 316 
saturated with equilibrated NaCl electrolytes (i.e. containing Ca2+, Mg2+ and SO42- ions at 317 
concentrations established during equilibrium of sample and electrolyte) is sample specific 318 
and depends on the ionic strength of the electrolyte. The zeta potential is negative and 319 
decreases in magnitude with increasing temperature at low ionic strength (represented by the 320 
0.01 M NaCl electrolyte investigated here) but is independent of temperature at high ionic 321 
strength (represented by the 0.5 M NaCl electrolyte investigated here). This behaviour is 322 
consistent with zeta potential data in intact natural sandstones. The equilibrium calcium 323 
concentration (expressed as pCa) in the electrolyte also decreases with increasing temperature 324 
at low ionic strength but is independent of temperature at high ionic strength. The 325 
temperature dependence of the zeta potential can be correlated with the temperature 326 
dependence of the equilibrium pCa and shows a Nernstian linear relationship. The difference 327 
in response of the carbonate samples tested can be accounted for by including sample-328 
dependent variations in equilibrium pMg and pSO4 as well as the temperature-dependent 329 
variation in equilibrium pCa. The pH remains unchanged with temperature irrespective of 330 
ionic strength. The results have broad application to processes in subsurface carbonate rocks 331 
at elevated temperature. 332 
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 487 
Figure captions 488 
Figure 1. Experimental results. (a) Typical paired stabilization results obtained at a flowrate of 80 ml 489 
min-1 on the Estaillades sample saturated with 0.5 M NaCl electrolyte at 80oC. (b) Typical plot of 490 
stabilized voltage against stabilized pressure difference at four different flowrates; here, the linear 491 
regression has adjusted R2=0.998. The slope of the linear regression yields Csp. (c) Electrical 492 
conductivity of the saturated samples as a function of temperature: filled symbols denote 0.5 M NaCl 493 
electrolyte and are plotted against the right-hand axis; empty symbols denote 0.01 M NaCl electrolyte 494 
and are plotted against the left-hand axis. (d) Electrolyte pH as a function of temperature: filled 495 
symbols denote 0.5 M NaCl electrolyte; empty symbols denote 0.01 M NaCl electrolyte. Error bars on 496 
pH reflect the instrument accuracy (±0.2 pH units). (e & f) show streaming potential coupling 497 
coefficient as a function of temperature for (e) 0.01 M NaCl electrolyte and (f) 0.5 M NaCl 498 
electrolyte. 499 
 500 
Figure 2. Zeta potential and equilibrium pCa, pMg and pSO4 as a function of temperature. Plots (a) 501 
and (b) show zeta potential and pCa as a function of temperature at low ionic strength (0.01 M NaCl 502 
electrolyte). Plots (c) and (d) show zeta potential and pCa as a function of temperature at high ionic 503 
strength (0.5 M NaCl electrolyte). The equilibrium pCa was measured for temperatures in the range 504 
22-80oC and extrapolated to higher temperature using the regressions obtained. Plots (e) and (f) show 505 
pMg and pSO4 as a function of temperature for all samples and electrolytes. 506 
 507 
Figure 3. Relationship between zeta potential and PDI concentration. (a) Zeta potential plotted 508 
against pCa. (b) Zeta potential plotted against p(Ca+Mg–SO4). Red arrows represent increasing 509 
temperature from 22oC to 120oC. Grey symbols are extrapolated values at 120oC. 510 
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